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I.  Introduction 

Metallic  materials  and  non-metallic  advanced  composites  are  widely  used  in  different  aircraft  structures  and 
components.  High  performance  NDE  methods  will  be  of  great  utility  for  these  types  of  materials.  Because  of  its  high 
sensitivity  [1],  SQUID  magnetometry  is  a  promising  NDE  method  to  detect  flaw  formation  and  propagation  in  such 
diamagnetic  and  paramagnetic  materials  (aluminum,  composite-based  organic  matrix  and  carbon-composite  mata-ials). 
In  fact,  tho-e  have  been  few  reports  on  SQUID  NDE  in  such  non-magnetic  materials  [2,  3,  4].  The  advantages  of  a 
SQUID  for  NDE  include  high  sensitivity  (10-100  ff  wide  bandwidth  (fl-om  dc  to  10  kHz),  broad  dynamic  range 

(>  80dB)  and  its  intrinsically  quantitative  nature. 

We  received  our  HTS  rf  four-SQUID  Gradiometer  system  purchased  with  funds  of  EOARD  fi-om  the  Jiilicher 
SQUID  GmbH  (JSQ)  company  at  the  end  of  June  2002.  The  SQUID  NDE  instrumentation  was  thai  set  up  at  our 
laboratMy  with  the  help  and  advice  of  Professor  Harold  Weinstock  during  his  one  month  visiting  Professorship 
(September  9  to  October  1 1)  at  our  university.  Then  the  scanning  stage  control  card  and  the  signal  acquisition  cards, 
purchased  by  our  laboratory,  were  integrated  in  a  PC,  and  LABVIEW  programs  have  been  developed  to  achieve  an 
automatic  NDE  acquisition  system. 

In  this  report,  the  description  of  the  SQUID  NDE  instrumentation  is  given  in  the  section  H.  Then  in  section  III, 
the  noise  measuremaits  for  different  fi*equency  ranges  in  and  out  of  a  shielded  environment  are  presented.  In  section 
rv,  we  present  the  preliminary  results  obtained  with  specimens  of  aluminum  obtained  fi-om  the  US  Air  Force  and 
various  composites-based  organic  matrix  materials  (filled  polymers).  The  conclusions  and  the  perspectives  of  this  study 
will  be  given  in  section  V. 

n.  SQUID  NDE  instrumentation 

The  HTS  rf  Four-SQUID  Gradiometer  system  that  had  been  purchased  under  the  present  EOARD  contract  has  tiie 
following  technical  specifications : 

•  4  JSQ  Magnetometer  SQUIDs,  sensitivity:  6.9  nT  /  <60,  white  noise:  70  pd»o  /(Hz)*^^,  Washer  dia.  3.5  mm, 
l(X)p  150  X  150  pm^,  operating  frequency  approx.  800  MHz,  individually  staggered  for  each  SQUID. 

•  4  JSQ  SQUID  readout  electronics  units,  integrated  with  a  Tiger  microcontroller  in  one  block 

•  Touchpanel  control 

•  Power  supplies  for  electronics  block  and  touchpanel 

•  Differential  electronics  for  manual  adjustment  of  gradiometer  signal  with  3  potentiometers 

•  Liquid  nitrogen  bath  ayostat 

•  Total  lift-off  of  about  9  mm 

The  system  provides  a  ±  10  V  signal  as  output  signal  proportional  to  the  measured  field  gradient,  and  we  have 
connected  it  to  a  data  acquisition  card  integrated  in  a  PC. 


II.1.  SQUID  set-up 


In  order  to  avoid  all  magnetic  perturbations  from  magnetic  elements,  the  structure  of  the  set  up  has  been  made 
mainly  from  Plexiglas,  with  a  base  comprised  of  aluminum  and  wood. 


Figure  1 :  High  Tc  SQUID  NDE 
instrumentaticBi  set  -  up. 
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Oflier  important  elements  of  the  SQUID  NDE  instrumentation  are: 

A  scanning  stage  that  moves  along  the  X  and  Y  axis  with  the  help  of  two  motors. 

Two  Helmholtz  coils  for  magnetic  excitation  used  to  do  measurements  on  non-magnetic  materials. 

Computer  with  the  data  acquisition  card  and  the  motors  control  card. 

A  fimctitm  generator. 

A  Lock-in  Amplifier. 

II.2.  Scanning  stage  control  card 

The  scanning  stage  control  card  is  provided  by  STANDA  company  together  with  3  identical  motorized  axes 
each  having  a  total  scanning  rang  of  100  mm  with  a  resolution  of  2.5  pm.  The  main  characteristics  of  the  control  card 
are:  operatitm  of  1,  2  «  3  motors  simultaneously,  real-time  external  synchronisation  signals  input  and  output  on  two 
wires,  software  for  Windows  with  fimctiois  for  LABVTEW. 

The  tiiree  separate  axes  are  mounted  in  our  laboratory  in  a  X-Y-Z  reference  fi-ame.  As  the  Z-axis  motor, 
containing  magnetic  elements,  created  important  low  frequency  magnetic  noise  during  its  motion,  it  was  replaced  by  a 
manually  adjustable  non-magnetic  axis. 

The  two  motors  are  connected  to  the  PC  using  the 
card.  The  movement  of  the  motors  is  controlled  with  the 
LABYEW  software  (see  section  II.5)  and  allows  us  to 
move  the  motors  individually  with  the  number  of  steps 
desired.  To  make  a  complete  analysis  of  a  sample  of  a 
particular  material,  we  have  to  move  the  scanning  stage 
and  take  measurements  across  the  aitire  surface  of  the 
sample.  For  accurate  measurements  of  small  defects,  the 
step  between  two  measurement  points  should  be  very 
small,  and  thus  the  measuremait  process  can  be  very  long. 

After  adjusting  the  Z  position  of  the  sample,  as 
near  as  possible  to  the  SQUID  system,  the  motors  can 
move  along  the  surfece  of  the  sample  fi’om  the  initial  point 
(0,0)  until  the  final  point. 

n.3.  Data  acquisition  card 

The  data  acquisition  card  is  provided  by  Keithley  company  with  the  following  main  characteristics : 

-  Resolution  of  the  input  and  output  signal:  1 6  bits. 

-  16  single-ended  or  8  differential  channels. 

-  Maximum  sample  rate  up  to  100k  Samples/s. 

-  2  waveform-quality  analog  outputs. 

-  Maximum  current:  lA. 

-  Maximum  voltage:  30  V  rms.  60VDC. 

The  data  acquisition  card  is  also  controlled  by  the  LABVIEW  program  via  its  special  drivers.  Besides  it  had  to  be 
calibrated  wife  a  very  accurate  voltage  between  9  and  9.5  V  using  a  precision  voltmeter  and  a  stabilized  source  because 
fee  calibration  software  provided  for  6  decimal  places.  The  operator  can  chose  fee  range  of  voltage  (DC  or  AC) 
measurements  so  feat  fee  resolution  can  be  adjusted. 

n.4.  The  lock-in  amplifier 

After  some  calibration  of  the  SQUID  and 
measurements  on  magnetic  samples  with  no  magnetic 
excitation  signals,  we  installed  a  Helmholtz  coil  system  to 
do  measurements  wife  diamagnetic  and  paramagnetic 
materials.  Alfeough  fee  SQUID  system  is  based  on  fee 
gradiometer  method,  fee  DC  and  low  fi-equency  noise  level 
are  quite  hi^  in  fee  aivironment  of  our  SQUID.  So  we 
applied  an  AC  excitatiwi  signal,  and  a  lock-in  amplifier 
has  been  used  to  adiieve  a  synchronous  detection.  The 
reference  or  excitation  signal  is  fee  sine  signal  used  to 
excite  fee  Helmholtz  coils  in  order  to  obtain  measurement 
signals  fi'om  fee  SQUID  while  scanning  fee  surface  of  the 
sample.  The  graph  in  figure  3  shows  the  main 
characteristics  of  fee  lock-in  amplifier. 


tPXFRtP-SO) 


TRIGSre 

Figure  3  :  The  lock-in  amplifier  schematic  diagram. 


(0,0)  - ►  Y 


Figure  2:  The  X-Y  movement  sequence  of  fee  motors 
controlled  by  fee  LABVIEW  program. 
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II.5.  LABVIEW  programs 


Hie  entire  program  that  will  control  the  movement  of  the  motors  and  the  data  acquisition  has  been  developed 
with  the  graphical  programming  language  LABVIEW.  All  the  sub-programs  have  been  optimized  to  automate  the  entire 
measuring  process  through  the  two  axes.  At  the  aid  of  the  measurement  process  we  can  observe  the  data  obtained  wi  a 
3D  graph  oi  the  screai.  We  also  get  a  file  with  all  the  acquired  data  that  allows  us  to  treat  the  data  more  thoroughly. 

Figure  4  shows  the  LABVIEW  fi-ont  panel  program  for  the  scanning  stage  control  (motors  X  and  Y)  and 
DATA  acquisition.  In  the  “Data  File”  window,  different  information  concerning  the  sample  and  the  experimental 
conditions  can  be  recorded  at  the  top  of  the  final  result  file.  Then  with  the  beginning  of  the  acquisition,  the  X  and  Y 
positions  and  the  mean  value  of  the  voltage  measuremaits  and  its  deviation  are  stored  for  each  scanning  point. 

In  the  “Movement  of  file  motors”  window,  we  can  control  them  first  manually  to  bring  the  starting  point  to  a 
reference  position  on  the  sample.  As  the  absolute  position  of  the  motors  can  not  be  known,  the  relative  positions  of  the 
motors  are  always  updated  and  controlled  with  two  indicators  in  the  main  window.  The  reset  button  lets  one  put  the 
position  indicators  to  0.  Then  with  the  automatic  mode  and  the  corresponding  step  period  a  matrix  is  drawn  with  the 
motors.  Once  a  motor  has  finished  moving  along  the  Y  axis,  the  other  motor  moves  one  step  along  the  X  axis.  The 
measurements  are  always  taken  \4hen  the  motors  are  stopped. 

In  feet,  the  “Number  of  acquisitions  at  each  point”  allows  one  to  average  the  signal  for  a  better  accuracy.  We 
use  a  loop  that  takes  several  measurements  from  the  same  point.  That  number  of  measurements  has  been  introduced  by 
the  user  before  starting  the  movement.  Then,  the  program  calculates  the  mean  value  and  its  deviation.  Besides,  it  is 
possible  to  view  the  instantaneous  mean  value  as  well  as  its  deviation,  and  a  graph  where  we  can  see  the  real  time 
evolution  of  the  measurements  along  the  X  or  Y  axis. 

Due  to  the  feet  that  we  are  covering  the  surface  of  the  sample  in  an  X-Y  meander  path,  for  constructing  the 
data  matrix  we  have  to  rotate  the  order  of  the  altanate  rows.  At  the  aid  of  the  acquisition  process,  we  get  a  3D 
representation  of  the  voltage  values  obtained  over  the  entire  surfece  of  the  sample. 
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Figure  4  :  LABVIEW  front  panel  program  for  the  scanning  stage  control  (motors  X  and  Y)  and  DATA  acquisition. 


III.  SQUID  noise  figures 


With  the  help  of  Dr.  Joachim  Krause  from  JSQ  company  during  his  visit  in  April  2003  to  replace  the  damaged 
72  SQUID,  we  measured  the  noise  figures  in  and  out  of  a  diielded  3  layer  mu-metal  cylinder  (borrowed  from  JSQ)  of 
all  four  SQUIDS  (X,  Y,  Z1  and  Z2),  and  also  the  gradiometer  for  two  different  frequency  ranges  :  0-400  and  0-3200  Hz 
(Figure  5). _ _ _ _ ^ 
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Figure  5  :  Noise  figures  of  the  SQUIDs  X,  Y,  Z1  and  Z2  in  and  out  of  a  shielded  3  layer  mu-metal  cylinder  for  two 

frequency  ranges,  0-400  (left)  and  0-3200  Hz  (right). 


6 


rV.  Preliminary  SQUID  NDE  results 


IV.l.  Specifications  of  the  samples 

Three  types  of  samples  of  different  materials  prepared  in  the  shape  shovm  in  figure  6  have  been  examined  by 
the  SQUID  in  the  DC  and  AC  mode.  This  shape  has  been  chosen  as  it  is  adapted  for  fatigue  testing. 

LI  =  120  mm 
L2  =  175  mm 
L3  =210  mm 
bl  =  10  mm 
b2  =  20  mm 
R  =  60mm 
Thickness  =  1  mm 


Aluminum  samples  have  been  provided  by  the  US  Air  Force  in  the  form  of  sheets  cut  from  a  C130  airplane 
and  tiiQi  transformed  in  the  shape  of  the  test  samples  (figure  6)  at  our  laboratory.  The  composites-based  organic  matrix 
materials  based  on  thmnoplastics  (Polystyrene  as  an  amorphous  polymer  and  Polypropylene  as  a  semi-crystalline 
polymer)  filled  by  the  reinforcing  agent  of  aluminum  particles  (30%)  and  carbon  nanoparticles  (5%)  have  been  prepared 
by  the  project  partna-.  Dr.  Abbas  Tcharkhtchi  at  LVTP  laboratory  from  ENSAM  institute. 

Besides,  thick  aluminum  sheets  of  1 10  X  100  X  5  mm^  dimensions  with  calibrated  cracks  in  the  middle  of  the 
sheet  of  1mm  depfli  and  different  widths  (0.5,  1, 2  mm)  have  been  febricated  and  tested  by  our  SQUID  system. 

IV.2.  DC  measurements 


We  first  scanned  the  different  samples  positimed 
very  near  the  bottom  of  the  SQUID  system  (lift-off  of  0.5 
mm)  wifti  no  DC  excitatirai  in  the  Helmholtz  coils  and 
then  witii  increasing  DC  magnetic  field  excitation  up  to  10 
V.  This  voltage  value  corresponds  to  a  DC  magnetic  field 
amplitude  of  2.28  G.  The  scanning  distance  is  50mm  with 
the  25mm  corresponding  to  the  exact  center  of  flie  SQUID 
system. 

The  different  figures  (7,  8  and  9)  respectively  for 
A1  sample,  A1  particles  filled  polymer  and  Carbon 
nanoparticles  filled  polymer  show  that  because  of  the  DC 
and  low  frequency  noise  level  in  the  environment  of  our 
SQUID,  the  DC  measurements  can  not  give  significant 
results.  We  would  like  to  repeat  these  experiments  in  a 
shielded  3-layer  mu-metal  cylinder. 
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Figure  7  :  Comparison  of  the  signals  for  the  same  lift-off 
distance  (0.5  mm)  for  an  A1  test  sample  with  no  excitation 
(AluDCl  and  AluDC2904-b  curves)  and  lOV  DC 
excitation. 


Distance  (mm) 


Figure  8  :  Comparison  of  the  signals  for  flie  same  lift-off 
distance  (0.5  mm)  for  A1  charged  (30%)  polymer  test 
sample  for  different  DC  excitation  (0  to  lOV). 
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Figure  9  :  Comparison  of  the  signals  for  the  same  lift-off 
distance  (0.5  mm)  for  Carbon  charged  (5%)  polymer  test 
sample  for  a  5V  DC  exeitation  signal. 
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IV.3.  AC  measurements 


An  AC  magnetic  excitation  signal  has  been  applied  using  the  Helmholtz  coils  connected  to  a  function 
generatOT  and  a  lock-in  amplifier  has  been  used  to  achieve  a  synchronous  detection  of  the  eddy  current  induced  in 
different  materials.  The  impedance  of  the  coils  has  been  diaracterized  previously  :  Z=  R  +  j  L  co  with  R=6.4  Q  and 
L=33.16  mR  The  frequency  of  the  excitati(»i  signal  is  fixed  at  180  Hz  at  which  there  is  no  noise  peak  in  the 
environment 

First,  the  Plexiglas  support  has  been  measured  alone  with  no  sample  on  it  at  2mm  from  die  SQUID  and  Figure 
10  shows  that  no  signal  is  obtained  for  an  AC  excitation  signal  of  1  volt  peak  to  peak  (pp)  corresponding  to  a  magnetic 
field  amplitude  of  0.12  G  pp  or  43  mG  RMS.  Then  an  A1  sample  positioned  on  the  Plexiglas  support  and  at  2mm  du 
SQUID  for  the  same  AC  excitation  showed  a  reproducible  signal  (Figure  1 1).  In  order  to  study  the  influaice  of  the  lift¬ 
off  distance,  the  variation  of  the  signal  obtained  with  the  A1  sample  for  the  same  AC  excitatirai  signal  is  recorded  from 
0.5  to  10.2  mm  and  this  has  been  compiled  in  figure  12. 

The  comparisons  of  the  signals  obtained  for  the  same  lift-off  distance  (0.5  mm)  and  the  same  strong  AC 
excitation  signal  (3.5  volt  pp  corresponding  to  a  magnetic  excitation  of  0.425  G  pp  or  0.15  G  RMS)  for  A1  and  two 
other  test  samples  (polymers  with  30%  A1  particles  and  5%  Carbon  nanoparticle)  are  given  by  the  figure  13.  Despite  the 
presence  of  the  conducting  particles,  the  polymer  samples  seem  to  have  no  Eddy  current  effect. 

To  show  the  crack  detection  of  our  system,  four  thick  A1  sheets  (1 10  X  100  X  5  mm^)  have  been  elaborated 
with  fliree  of  them  having  aacks  in  the  middle  of  their  upper  surface  with  the  same  depth  (1mm)  and  different  width 
(0.5  to  2  mm).  The  measurements  have  been  done  with  a  lift-off  distance  of  0.5  mm  and  a  magnetic  excitation  of  0. 15  G 
RMS.  Figures  14.  A  and  14.B  show  that  even  the  smallest  crack  can  be  detected  when  it  is  on  the  lower  fece  of  the  A1 
thick  ^eet. 
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Figure  10  :  No  signal  obtained  for  the  Plexiglas  suppwt  Figure  1 1 :  Rq)roducibility  of  the  signal  obtained  for  A1 
alone  at  2mm  du  SQUID  for  a  AC  excitatiwi  signal.  test  sample  at  2mm  du  SQUID  for  a  AC  excitaticm  signal. 
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Figure  12  :  Variation  of  the  signal  with  the  lift-off  distance 
(0.5  to  10.2  mm)  for  A1  test  sample  for  the  same  AC 
excitation  signal. 


Figure  13  :  Comparison  of  the  signals  for  the  same  lift-off 
distance  (0.5  mm)  and  the  same  strong  AC  excitation 
signal  for  A1  and  two  other  test  samples  (polymers  with 
30%  Alimiinum  and  5%  Cartx)n  particles). 
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Figure  14  :  Variation  of  the  signal  obtained  for  different  crack  width  (0.5  to  2  nun)  with  the  same  depth  (1mm)  on  the 
upper  (A)  and  lower  (B)  feces  of  a  thick  A1  sheet  (1 10  X  100  X  5  mm3).  The  lift-off  distance  is  0.5  mm,  and  the  AC 

magnetic  excitation  has  an  RMS  value  of  0. 1 5  G. 


V.  Conclusions  and  perspectives 

The  SQUID  NDE  experiment  has  been  set  up  successfully  in  our  laboratory.  Despite  the  fact  that  one  of  the 
four  SQUIDs  (Z2  one)  was  damaged  only  after  five  months  and  this  created  several  months  of  misflmctionning  of  the 
Miole  system,  we  could  achieve  NDE  tests  after  tiie  replacement  of  the  damaged  SQUID  by  the  JSQ  company. 

The  LABVIEW  programs  have  been  optimized  to  do  precise  scanning  stage  movement  control  and  data 
acquisition,  and  so  they  allow  an  accurate  surface  inspection  of  different  materials. 

The  noise  figures  of  the  SQUIDs  show  the  utility  to  acquire  a  shielded  3-layer  mu-metal  cylinder  in  order  to 
reduce  the  DC  and  low  fi-equency  noise  during  the  NDE  experiments. 

Preliminary  results  show  that  cracks  as  small  as  0.5  mm  width  and  1mm  depth  can  be  detected.  Other  tests  are 
in  progress  to  optimize  the  experimental  conditions  and  to  show  the  possibility  of  detection  of  smaller-sized  flaws. 
Neverflieless,  as  we  would  like  to  increase  the  resolution  of  the  system,  we  are  considering  reducing  the  total  lift-off 
distance  of  our  SQUID  NDE  system  by  changing  the  dewar  configuration  provided  by  JSQ  company. 

Concerning  the  matoials  to  study,  magnetic-particles-filled  polymers  have  been  considered,  and  an  intaisive 
investigation  of  fee  literature  has  revealed  no  work  in  feis  field,  but  did  uncover  in  magnetic  particle  inspectiai  (on  fee 
surface  of  the  flaws)  decoration  method  [5].  Moreover,  we  would  like  to  engage  for  fee  next  fell  a  Ph.D.  student  to 
study,  by  our  SQUID  NDE  system,  fee  mechanism  of  crack  formation  and  propagation  in  composites-based  organic 
matrix  materials,  as  well  as  in  aluminum  and  carbon-composite  material  used  in  aircraft  structures. 

Additionally,  this  project  has  aeated  interest  at  our  university  for  SQUID  MCG  applicatirais,  and  contacts 
have  been  made  wife  CMI  (Cardiomag  Imaging),  in  order  to  investigate  fee  pcBsibility  of  acquisition  of  an  MCG 
system  by  our  university  in  a  collaboration  between  the  medical  and  electrical  engineering  departments. 


VI.  References 

[1]  W.  G.  Jenks,  S.  S.  H.  Sadeghi  and  J.  P.  Wikswo,  J.  Phys.  D:  Appl.  Phys.  30,  293-323  (1997). 

[2]  I.M.  Thomas,  Y.P.  Ma,  J.P.  Wikswo,  Jr.,  IEEE  Trans.  Appl.  Supercond.,  3  (1),  1937-1940  (1993). 

[3]  J.P.  Wikswo,  Jr.,  Y.P.  Ma,  N.G.  Sepulveda,  S.  Tan,  I.M.  Thomas,  A.  Lauder,  IEEE  Trans.  Appl.  Supercond.,  3 
(1),  1995-2002  (1993). 

[4]  A.  Ruosi,  M.  Valaitino,  V.  Lopresto,  G.  Caprino,  Composite  Stuctures  56,  141-149,  (2002). 

[5]  I.M.  Thomas,  Y.P.  Ma,  J.P.  Wikswo,  Jr.,  IEEE  Trans.  Appl.  Supercond,  3  (1),  1949  -1952,  (1993). 


9 


